The gene encoding the valine (branched-chain amino acid) dehydrogenase (Vdh) from Streptomyces coelicolor has been characterized as follows. The Branched-chain amino acids are normally catabolized in bacteria first by dehydrogenation and then by oxidative decarboxylation of the resulting 2-keto acid (13). Most studies of the catabolism of branched-chain amino acids have been done with Pseudomonas spp. Three active transport systems for the uptake of branched-chain amino acids are known, and in all of these, the genes for the transport components are organized as a single operon (11). Following its uptake, a branched-chain amino acid requires for complete catabolism the cooperation of two sequential series of reactions. The enzymes in the first series constitute a common pathway and catalyze the conversion of Leu, Val, and Ile to their respective 2-keto acids (13). Branched-chain 2-oxoacid dehydrogenase, which catalyzes the second step in this initial process, is a multienzyme complex involved in the oxidation of the 2-keto acid derivatives of all three branched-chain amino acids (31). The acyl coenzyme A metabolites formed subsequent to the common pathway are catabolized by three separate series of enzymes, one specific for each initial amino acid (13).
The vdh gene is apparently transcribed from a single major transcriptional start point, separated by only 8 bp from the 5' end of a divergent transcript and located 63 bp upstream from the vdh translational start point. Mutants with a disrupted vdh gene have no detectable Vdh activity and have lost the ability to grow on valine, leucine, or isoleucine as the sole nitrogen source. This vdh mutation does not significantly affect growth or actinorhodin production in a minimal medium, yet the addition of 0.2% L-valine to the medium provokes approximately 32 and 80% increases in actinorhodin production in vdh+ and vdh strains, respectively.
Branched-chain amino acids are normally catabolized in bacteria first by dehydrogenation and then by oxidative decarboxylation of the resulting 2-keto acid (13) . Most studies of the catabolism of branched-chain amino acids have been done with Pseudomonas spp. Three active transport systems for the uptake of branched-chain amino acids are known, and in all of these, the genes for the transport components are organized as a single operon (11) . Following its uptake, a branched-chain amino acid requires for complete catabolism the cooperation of two sequential series of reactions. The enzymes in the first series constitute a common pathway and catalyze the conversion of Leu, Val, and Ile to their respective 2-keto acids (13) . Branched-chain 2-oxoacid dehydrogenase, which catalyzes the second step in this initial process, is a multienzyme complex involved in the oxidation of the 2-keto acid derivatives of all three branched-chain amino acids (31) . The acyl coenzyme A metabolites formed subsequent to the common pathway are catabolized by three separate series of enzymes, one specific for each initial amino acid (13) .
Valine degradation takes a somewhat different course in Streptomyces spp. than in other bacteria (24, 26) . Carbon 1 of valine and its isobutyric acid and malonic acid semialdehyde catabolites becomes the carboxy group of propionate, instead of being lost as C02, as in Pseudomonas spp. (26) . Streptomyces spp. also have an enzyme that catalyzes the reversible intramolecular rearrangement of isobutyrate produced from L-valine to n-butyrate (24) , thereby possibly forging a direct link between the pathways of straight-chain and branched-chain fatty acid metabolism.
Valine dehydrogenase (Vdh) from streptomycetes is an NAD+-dependent enzyme that catalyzes the oxidative deamination of branched-chain L-amino acids to the corresponding 2-keto acids. The enzyme has been assumed to * Corresponding author. play a role in the bacterial utilization of such amino acids, since it is induced by valine (and other branched-chain amino acids), is repressed by glucose and NH4', and is the first enzyme of the valine catabolic pathway (13, 16, 23) . Thus, the regulation of its level and/or activity could be the predominant factor in the regulation of valine utilization. Valine catabolism can supply n-butyrate, 2-methylmalonate, and propionate units for the biosynthesis of the aglycones of the macrolide antibiotics tylosin (20) and leucomycin (21) and the polyether antibiotics monensin A (28) and lasalocid A (26) . This process is inhibited by high concentrations of ammonium ion (20) . Superior chemically defined media for tylosin and monensin production contain L-valine as a major carbon and nitrogen source for this reason (16) . The branched-chain amino acid dehydrogenases may also provide the starter units for the synthesis of the iso-and anteiso-fatty acids that predominate in the cellular lipids of actinomycetes (12) .
Four L-Vdh enzymes (16, 23, 34, 35) have been purified from Streptomyces spp. and characterized. We chose to study the Vdh from Streptomyces coelicolor because a subsequent investigation of the genetics of valine catabolism could lead to data comparable to the properties of the other catabolic enzymes and their genes that have been studied in this genetically well-characterized organism (for examples, see references 1 and 9). The S. coelicolor Vdh is a dimeric enzyme consisting of two identical subunits each with an Mr of 40,000. Its activity is induced by D-or L-valine and repressed in the presence of glucose and NH4' (16 A 50-mer oligodeoxynucleotide, 5'-ACCGACGTCAACGG CGCCCCIGCCGACGTCCTICACACCCTITTCCACTC -3 ', representing the coding sequence of the first 17 N-terminal residues (TDVNGAPADVLHTLFHS) of purified Vdh from S. coelicolor A3(2) and containing inosine (I) substitutions at especially degenerate codon positions (18) , was end labeled with 32p by standard methods (25) and used to probe several restriction enzyme digests of the S. coelicolor genomic DNA. Southern blot hybridization showed that 1.15-kb BamHI-SphI and 7.0-kb PstI-SstI DNA fragments hybridized with the 32P-labeled probe, although the signal was much weaker with the latter fragment. S. coelicolor genomic DNA was doubly digested with BamHI-SphI and PstI-SstI and size fractionated by electrophoresis on a 1% agarose gel, and 1.0-to 1.5-kb BamHI-SphI DNA fragments and 6.5-to 7.5-kb PstI-SstI DNA fragments were cloned separately in pUC18 (36 DNA segments for sequencing were purified and subcloned into M13mp18 or M13mpl9 (36) . Exonuclease III-Si nuclease deletions were prepared by use of the Erase-a-Base system (Promega Biotec, Madison, Wis.). The nucleotide sequence was determined by the dideoxy chain termination method with either the M13 -40 primers or specifically synthesized sequencing primers and a Sequenase 2.0 kit (United States Biochemicals) in accordance with the manufacturer's instructions. 7-Deaza-dGTP was used in place of dGTP to reduce the number of sequencing artifacts.
[35S]dCTP-labeled samples were run on 6% polyacrylamide-8 M urea-12% formamide wedge gels. Sequence data were read from dried gels with the DNASTAR (Madison, Wis.) software and digitizer. The GCG software (6), versions 6.2 and 7.0, were used for sequence analysis. Nucleotide sequence-deduced amino acid sequence data were compared with available data bases by use of the FASTA and TFASTA programs (6) .
RNA isolation. Cultures of S. coelicolor were grown in R2YE medium for 2 to 3 days, and then a single 50-ml culture was split into 10-ml aliquots and centrifuged. The recovered mycelia were used to inoculate R2YE, MM, MGV, and MV, and the cultures were grown for another 24 or 48 h. RNA was isolated from the recovered cells essentially by the method of Fisher and Wray (7), except that the cells were lysed by grinding with a mortar and pestle in the presence of liquid nitrogen, guanidinium isothiocyanate buffer was added, and the cells were centrifuged in cesium chloride solution. The RNA concentration was determined by measuring the A260 of an mRNA solution in diethyl pyrocarbonate-treated H20.
Low-resolution S1 nuclease protection assay. In accordance with the method described by Neal and Chater (17) , ssDNA (1 ,ug) was coprecipitated and hybridized with 40 ,ug of total RNA. The hybridization samples were treated with 130 U of S1 nuclease for 30 min at 37°C, and then the protected DNA fragments were fractionated on a 4% denaturing polyacrylamide-8 M urea gel and electrotransferred to a Hybond-N membrane for hybridization. The blot was probed with a 2.88-kb Sal DNA fragment containing the vdh gene with its 5'-noncoding region.
High-resolution S1 nuclease protection and primer extension mapping. M13mpl8 and M13mpl9 subclones containing a portion of the 5' end of either the vdh or the ORF1 gene were used to prepare radiolabeled ssDNAs as probes to identify the apparent start of transcription. Two 24-mer synthetic oligodeoxynucleotides were used as primers: primer a was 5'-GTGCAGTACATCAGCAGGTGCGCC-3', beginning 39 bp downstream of the vdh GTG translation initiation codon and complementary to the vdh mRNA; and primer b was 5'-GGATCACAAAGGCGCGGGAATCTC-3', beginning 54 bp upstream of the presumed ORF1 GTG start codon and complementary to the ORF1 mRNA. Primers were annealed to ssDNA templates prepared from the M13 subclones, and complementary DNA strands were generated with [35S]dCTP in the labeling mixture by use of the Sequenase 2.0 kit. After restriction enzyme digestion and heat denaturation, the labeled ssDNA samples were size fractionated on a 4% polyacrylamide-8 M urea gel, eluted by the crush-and-soak method (25) , hybridized with 40 ,ug of RNA, and treated with S1 nuclease. The reaction products were analyzed on a 6% polyacrylamide-8 M urea-12% formamide gel along with dideoxy DNA sequencing ladders made with the same primers.
A primer extension experiment was conducted by a modification of the method of Stein et al. (29) . The same primers as those used for S1 mapping were annealed to Fig. 5 ). For inactivation of the ORF1 gene, a 2.1-kb SphI-SalI DNA fragment of the ORF1 region from pWHM1051 was subcloned into SphI-SalI-digested pUC18 to yield pWHM1059. pWHM1059 was digested with BssHII, resulting in the deletion of about 0.2 kb, and the ends were filled in by treatment with Klenow polymerase and ligated to the 1.7-kb SmaI-EcoRV fragment containing the hyg gene. A 3.6-kb HindIII-BspHI fragment was isolated from the resulting plasmid and cloned into the HindIII-NcoI site of pWHM1065, resulting in plasmid pWHM1060 (see Fig. 5 ).
pWHM1058 and pWHM1060 were introduced into S. coelicolor J802 by transformation, and thiostrepton-resistant (Thr) transformants were selected on R2YE plates and grown in R2YE liquid medium plus 200 U of hygromycin (Sigma) per ml at 28°C for 3 days. These cultures were homogenized, and the mycelial cells were further incubated at 39°C for 3 days to eliminate the autonomously replicating plasmid. The mycelial cells were plated on R2YE agar plus 200 U of hygromycin per ml and incubated at 39°C for 4 to 5 days, and spores were collected and screened for hygromycin-resistant (Hgr) ThS clones.
Actinorhodin production and Vdh activity measurements.
For actinorhodin production and Vdh activity determinations, S. coelicolor cultures were grown at 30°C in 25 300 Al of 1 N NaOH and incubated at 370C for 24 h, and the protein concentrations were determined in aliquots of these samples by the method of Bradford (5) with bovine serum albumin as the standard. The actinorhodin contents in SMM and SMV were estimated spectrophotometrically by measuring the optical density at 612 nm of cell-free culture supernatants that had been adjusted to pH 12 as described by Strauch et al. (30) .
Nucleotide sequence accession number. The DNA sequence data described in this paper have been deposited at EMBL and GenBank under accession number L13455.
RESULTS
Cloning of the S. coelicolor vdh gene. The vdh gene was cloned by hybridization to an oligodeoxynucleotide constructed on the basis of the N-terminal amino acid sequence of purified Vdh from S. coelicolor A3(2) (16). Screening of plasmid DNA isolated from a minilibrary consisting of 1.0-to 1.5-kb BamHI-SphI DNA fragments of S. coelicolor A3(2) genomic DNA yielded one positive clone, pWHM1050, which was shown to contain a 1.15-kb BamHI-SphI DNA fragment (Fig. 1) . Southern analysis showed that the 50-mer oligodeoxynucleotide probe hybridized to only one and the same 1.15-kb BamHI-SphI DNA fragment in the genomic and cloned DNAs (data not shown). By using a 32P-labeled 350-bp SphI-KpnI fragment from pWHM1050 DNA that contains part of the N-terminal region of Vdh as a probe to screen the 6.5-to 7.5-kb PstI-SstI minilibrary of S. coelicolor J802 DNA (see Materials and Methods) by colony hybridization, we cloned an approximately 7-kb DNA fragment as pWHM1051. A restriction map of the cloned region is shown in Fig. 1 (Fig. 1) , we believe that the results shown in Fig. 2 are correct. The codon usage of the vdh gene is atypical for the first 18 residues, which contain a noticeably high percentage of rare codons above the 0.1% threshold (6) . A region centered about 9 nts 5' to the first codon of the vdh gene (Fig. 2) has a significant degree of complementarity to the 3' end of 16S rRNA of S. lividans (5'-GAUCACCUCCUUUCU-3') (2) (Fig. 1) , was detected, but its sequence data are not shown in Fig. 2 . This ORF, ORF2, has not been sequenced completely, but its 3' end most likely is 629 nts downstream of the vdh gene. We found by TFASTA analysis that the 282-amino-acid protein deduced from the 847 nts of sequenced DNA shows significant similarity to the products of the purM genes from E. coli and Bacillus spp., which encode a phosphoribosylformylglycinamidine cyclo-ligase that catalyzes the fifth step of purine biosynthesis (27) . The (Fig. 3) as a 32P-labeled probe. A rightward transcript was found to protect approximately 220 nts of clone A (800-nt BamHI-KpnI region) (Fig. 3, lanes 5 to 7) , 720 nts of clone B (720-nt KpnI-BamHI region) (data not shown), and 350 nts of clone C (420-nt BamHI-Kjpnl region) (Fig. 3, lanes 8 and 9) . (Fig. 3, lanes 3 and  4) . This result indicates that the 5' end of the transcript was about 150 bp upstream of the ORF1 translational start codon. This mRNA was detected in the RNA from the 24-and 48-h samples of the MV cultures, but a much weaker band appeared in the RNA from the R2YE medium culture. No significant difference was seen in the amounts of accumulated ORF1 mRNA between the 24-and 48-h samples. The apparent level of the accumulated ORF1 message in the MV cultures was significantly lower than that of the vdh message and almost the same as that of the vdh message in the R2YE medium cultures.
L S R R L E D Q Y S P R G P R R A Y R T W H A R E E D P F

ApaI KpnI L K A V I A L H S T A L G P A L G G T R F Y P Y A S E A E A V
A D A 1801 CTCAAGGCCGTGATCGCCCTCCACTCCACCGCCCTGGGCCCGGCGCTCGGCGGTACCCGCTTCTACCCGTACGCGAGCGAGGCGGAGGCCGTCGCCGACG L N L A R G M S Y K N A M A G L D H G G G K A V I I G D P E Q I K 1901 CGCTGAACCTCGCCCGCGGGATGTCGTACAAGAACGCCATGGCCGGTCTGGACCACGGTGGCGGCAAGGCCGTGATCATCGGCGATCCGGAGCAGATCAA S E E L L L A Y G R F V A S L G G R Y V T A C D V G T Y V A D M D 2001 GAGCGAGGAGCTGCTCCTCGCCTACGGCCGGTTCGTCGCCTCGCTGGGCGGCCGCTACGTCACCGCGTGCGACGTCGGCACCTACGTCGCCGACATGGAC V V A R E C R W T T G R S P E N G G A G D S S V L T S F G V Y Q G M 2101 GTCGTGGCCCGCGAGTGCCGCTGGACGACCGGGCGTTCCCCGGAGAACGGCGGCGCGGGCGACTCCTCCGTGCTCACCTCCTTCGGCGTCTACCAGGGCA SphI R A A A Q H L W G D P T L R D R T V G I A G V G K V G H H L V E H 2201 TGCGGGCCGCCGCCCAGCACCTGTGGGGCGACCCGACGCTGCGCGACCGCACCGTCGGCATCGCGGGCGTCGGCAAGGTCGGCCACCACCTGGTCGAGCA L L A E G A H V V V T D V R K D V V R G I T E R H P S V V A V A D 2301 CCTGCTCGCCGAGGGCGCCCACGTCGTCGTCACGGACGTGCGCAAGGACGTGGTGCGCGGGATCACGGAGCGGCACCCGTCGGTGGTCGCCGTCGCCGAC T D A L I R V E N L D I Y A P C A L G G A L N D D T V P V L T A K V 2401 ACCGACGCGCTGATCCGGGTGGAGAACCTGACATCTACGCGCCCTGCGCGCTCGGCGGCGCGCTGAACGACGACACCGTCCGGTGCTGACCGCCAAGG V C G A A N N Q L A H P G V E K D L A D R G I L Y A P D Y V V N A BamHI 2501 TGGTGTGCGGCGCGGCCAACAACCAGCTCGCCCACCCGGGCGTCGAGAAGGACCTCGCCGACCGCGGGATCCTCTACGCGCCGGACTATGTGGTGAACGC G G V I Q V A D E L H G F D F D R C K V K A S K I Y D T T L A I F
CGGCGGTGTCATCCAGGTCGCCGACGAGCTGCACGGGTTCGACTTCGACCGGTGCAAGGTGAAGGCCTCGAAGATCTACGACACCACGCTGGCCATATTC A R A K E D G I P P A A A A D R I A E Q R M A E A R P R P
High-resolution S1 nuclease mapping and primer extension experiments were then performed to locate the apparent transcriptional start points (tsp) of the vdh and ORF1 genes precisely. The 800-bp BamHI-KpnI fragment carrying the divergent promoter region for vdh and ORF1 was cloned in M13mpl8 and M13mpl9, and the 35S-labeled complementary strands were synthesized from the ssDNA templates with the two 24-mer oligodeoxynucleotide primers, a and b, shown in Fig. 2 . These 5S-labeled ssDNAs were hybridized to total RNA from S. coelicolor J802 grown in MV, treated with S1 nuclease, and analyzed by electrophoresis. We used the same primers for primer extension experiments with RNA extracted from S. coelicolor J802 grown in MV for ORF1 and in MV, MM, and MGV for vdh. The primer extension products were electrophoresed beside dideoxy sequencing ladders generated with the same primers. Figure  4 shows the results of the primer extension experiments for the vdh and ORF1 genes. (The apparent tsp determined for these two genes were the same in the high-resolution S1 nuclease mapping experiments [data not shown].) These were consistent with the relative levels measured in S1 nuclease protection experiments; vdh mRNA appeared to accumulate to the highest level in MV (Fig. 4A, lane 1 Thus, the ORF1 gene product apparently is not essential for vdh function. As expected, the vdh::hyg mutant had no detectable Vdh activity in cell extracts and lost the ability to grow on MGV with valine, isoleucine, leucine, or a-aminobutyrate as the sole nitrogen source (data not shown). The specific rates of growth of the vdh::hyg mutant and strain J802 were very similar in MM, but strain WMH1505 did not grow in MGV (Fig. 6) .
Effect of vdh inactivation on actinorhodin production. Since valine can be metabolized to acetate by a lengthy but documented route (26, 28) , we were interested in the possible differences in actinorhodin production in the vdh+ and vdh strains. Figure 7 shows the growth of and actinorhodin production by S. coelicolor J802 and WMH1505 in SMM (32) and SMV. The vdh::hyg mutation did not significantly affect growth or actinorhodin production, although 0.2% L-valine added to SMM caused approximately 32 and 80% increases in actinorhodin production in strains J802 and WMH1505, respectively. Since strain WMH1505 cannot metabolize valine to provide the acetate precursor of actinorhodin synthesis, valine must increase actinorhodin synthesis by some indirect effect. 
DISCUSSION
S. coelicolor J802 (agaA7 dagAl) was chosen for the genetic analysis of valine utilization (Vut) because it cannot grow on agar as the sole carbon source, a property that has proven useful in the isolation of Vut-mutants by TnSO96 mutagenesis (33) . Sequence analysis has established the identity of the vdh locus in S. coelicolor A3(2) (wild type) and J802 (33) , thus justifying the further use of J802 in our work.
The amino acid sequence of the S. coelicolor Vdh enzyme shows significant similarity to those of several other NAD(P)+-dependent dehydrogenases. It displays the conserved nicotinamide coenzyme binding region (Fig. 8) , which contains the hexapeptide sequence GXG(A)XXG(A), plus a basic residue (usually Lys) 5 to 6 residues and a hydrophobic residue (usually Val) 2 residues before the hexapeptide (4). An aspartic acid 18 residues after the hexapeptide is also found in this region and is thought to be important in coenzyme binding (4) . These data are consistent with the fact that the S. coelicolor Vdh enzyme requires NAD+ for the oxidative deamination of valine in vitro (16 
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Ldh} kfriltinpg ststkigvfe neraiaskkr satragasai towards the N terminus (Fig. 8 ) a lysine residue that also has been proven to be essential for enzyme activity in such dehydrogenases (22) , but it lacks further from this region towards the C terminus (+ at 100 in Fig. 8 ) the Lys-6 residue that is conserved in the leucine and phenylalanine dehydrogenases from Bacillus spp. (15) .
Consensus ---------------------------------------
The nucleotide sequence data show that the vdh gene is flanked by two divergently transcribed genes. The downstream, ORF2, gene is a homolog of thepurM genes from E. coli (27) and Bacillus spp. The role of the ORFi gene is unknown, although our results suggest that this gene is not essential for vdh function under the conditions tested.
Earlier studies showed that all four Vdh enzymes purified from Streptomyces spp. have similar Km values for 2-oxoisovaleric acid and NAD(H), pH optima in the oxidative and reductive directions, and the ability to oxidatively deaminate valine, isoleucine, leucine, and a-aminobutyrate, although at different relative rates (16, 23, 34, 35) . In the present study, we have found that S. coelicolor J802 can utilize these branched-chain amino acids as the sole N and C sources for growth. Since a vdh mutant isolated as a vdh::hyg gene disruption could not use valine, isoleucine, leucine, or ax-aminobutyrate as a sole N source and had no detectable Vdh activity in cell extracts, S. coelicolor must have a single gene for the oxidative deamination of branched-chain amino acids.
Certain features of the vdh gene suggest that the regulation of its expression may be complex. Our results show that the vdh gene is expressed as a monocistronic mRNA and is transcribed from a single major promoter, separated by only 8 bp from the 5' end of the divergent ORFi transcript (Fig.   2 ). This bidirectional overlapping promoter region contains a group of repeat sequences that we know from studies of deletion mutants are import for vdh expression (33) and might be binding sites for proteins involved in transcription (in addition to RNA polymerase). Furthermore, from the results of our studies in progress of the regulation of vdh expression, we have found that vdh is not specifically induced by valine or the other branched-chain amino acids, when compared with growth on asparagine as the sole N source, whereas Vdh activity is increased approximately threefold at 14 h by valine, and that its expression is affected in a complex way by carbon sources (33) .
